Abstract-Copy number variation has emerged recently as an important genetic mechanism leading to phenotypic heterogeneity.
H igh blood pressure (BP; hypertension) is a major risk factor for coronary, cerebrovascular, and renal disease. Most cases of hypertension have unknown etiology and are, thus, classified as essential hypertension. Hypertension has a significant genetic contribution. Despite the progress made toward the understanding of rare monogenic forms of hypertension in humans, the genetic background of essential hypertension remains poorly understood. 1 The spontaneously hypertensive rat (SHR) is one of the most widely used genetic models for hypertension. The SHR model is characterized by hypertension, insulin resistance, hypertriglyceridemia, and hypercholesterolemia. Genetically, the SHR was derived in 1963 from inbreeding Wistar rats with the highest BPs. 2 Using linkage analysis, there have been multiple efforts to map genes influencing BP and related phenotypes in the SHR. These efforts have resulted in the successful identification of several chromosome regions containing quantitative trait loci (QTLs) regulating BP or related cardiovascular and metabolic phenotypes in the SHR. 3 Yet, despite many experiments, very few genes that underlie these QTLs have been unambiguously identified. 4 Copy number variations (CNVs), defined as gains and losses of DNA typically Ͼ1 kb and up to several megabases, are being increasingly recognized as a source of differences in genomic sequence [5] [6] [7] [8] and have been proposed as possible mechanisms for phenotypic variation in humans, 8, 9 the mouse, and, recently, the rat. 10 -12 The aim of this study was to first identify differences in copy numbers between the genome of the SHR and its most commonly used control strain, the Wistar-Kyoto rat (WKY). We then determined whether CNVs map to known QTLs and whether genes located within these CNV regions are differentially expressed between the SHR and the WKY. Finally, we investigated the relationship of one of the identified CNVs to BP in a genetic cross between the SHR and the WKY.
Methods

Samples
Genomic DNA was prepared using the DNeasy kit (Qiagen) from livers and kidneys of 3 male SHRs and 3 WKYs aged 8 to 10 weeks obtained from the research colony maintained at the University of Leicester (all of the animals were initially obtained from the breeding stock of Charles River Laboratories, Margate, United Kingdom). Total RNA was extracted from rat kidneys, spleens, and livers using Qiagen RNeasy kits (Qiagen) according to the manufacturer's instructions. Total RNA yield was quantified by UV spectrophotometry, and RNA integrity was verified using an Agilent 2100 Bioanalyzer (Agilent Technologies).
Oligonucleotide Array Comparative Genomic Hybridization
Unamplified genomic DNA (1 g) was labeled with Cy3 (SHR) or Cy5 (WKY). We performed comparative genomic hybridization using long oligonucleotide arrays containing 385 000 isothermal probes, 45-mer to 75-mer, spanning the rat reference genome with a median spacing of Ϸ5 kb (NimbleGen Systems). The oligonucleotide design, array fabrication, DNA labeling, array comparative genomic hybridization (aCGH) experiments, data normalization, and calculations of copy number ratio (using log2 of the ratio of signal from the fluorophores Cy3 and Cy5) were performed at NimbleGen according to recommended and published procedures. CNVs were identified on the basis of the relative intensity of log2 ratio profiles of each experiment, using the circular binary segmentation algorithm from Olshen et al. 13 Our criteria of Ն3 probes in a segment and mean amplitude of a log2 shift across segment Ϯ0.5 were used to define the final set of high-confidence CNV calls. The BLAT (BLAST-like alignment tool) hit count was defined as the number of matches in which the probe sequence identityϫlength of matching sequence/length of the probe was Ն0.9. Gene annotation and overlap were determined using Ensembl GeneBuild 3.4. Figure 1 . A, Genomic locations of SHR CNVs. Location of 16 CNVs identified by aCGH experiments relative to the WKY strain. Green arrows and red arrows reflect gains and losses, respectively. B, Detection of CNVs in the SHR using oligonucleotide expression arrays. Log2 ratios are plotted with no moving average as a function of chromosomal position (megabase) for the DNA. Increased log2 ratio is predictive of DNA duplication, whereas a decrease in log2 ratio is indicative of DNA loss. An increase of log2 ratio is evident for chromosome 17, which is zoomed in the boxes above showing the chromosome 17 region in more detail, including gene content.
Validation of Array Data Using Quantitative Real-Time PCR
To validate CNVs detected by oligo-aCGH, quantitative real-time PCR (qPCR) assays were developed to measure copy number in implicated chromosomal regions relative to a control region of invariant copy number in both strains (selected based on aCGH profile) in DNA extracted from the kidney. 14 Relative copy numbers were determined by qPCR using Power SYBR Green chemistry and the ABI Prism 7900HT Sequence Detection System (Applied Biosystems). Predesigned QuantiTect primers (Qiagen) were used when available or primers were designed using ABI Primer Express Software (version 2.0) and the Ensembl Rat GenomeBuild 3.4 (Table S1, available in the online Supplementary Data at http://hyper.ahajournals.org). Each assay was performed in triplicate using 20-L reactions containing 10 L of Power SYBR Green PCR Master Mix (2ϫ; Applied Biosystems), 200 nM concentration of forward and reverse primer, and 20 ng of genomic DNA extracted from kidneys to confirm the presence of the same CNVs in DNA from different tissues. Melting curve analysis and sequence analysis were performed to check PCR product specificity. Amplification was performed according to the following conditions: 1 cycle at 95°C for 10 minutes, 50 cycles at 95°C for 15 seconds, and 60°C for 1 minute. Experiments were performed on the test and control primers to verify comparable efficiency in amplification before analysis of copy number in the strains. Mean DNA starting quantities and SDs were estimated on the basis of threshold cycle differences between the control and test loci. 14 Primer sequences are available in Table S1 .
Gene Expression Analysis
To evaluate whether mRNA levels of genes that lie within CNV regions are differentially expressed between SHRs and WKYs, we used qPCR as described previously. 15 To avoid interstrain variation of primer binding efficiency, we performed melting curve analysis and only used pairs of primers with similar binding efficiencies determined from a dilution curve. mRNA levels of test genes were compared with those for ␤-actin of the same sample, and the results displayed are the relative level of renal expression in SHRs compared with the WKY control strain. We initially measured mRNA levels in the kidney because of the known role of this organ in the regulation of BP. 16 We also measured mRNA levels in the heart and spleen for a broader assessment of CNV-related changes in mRNA expression. We used QuantiTect predesigned and validated primer sets for each gene (Qiagen).
Association Analysis of Egln1 Gene Copy Number and BP in an SHR؋WKY F 2 Population
We measured the copy number of Egln1 (CNV1b) in 229 F 2 rats derived from a cross of SHRs and WKYs. The generation, characterization, and BP measurements of this F 2 cross, which were derived from the same SHR and WKY colonies as animals analyzed for CNVs in this study, 1a 1b 1c 3a 3b 4a 4b 6a 6b 7a 7b 7c 10a 10b 14a 17a Data points refer to the probe number. Log2 ratio refers to the ratio of signal from the fluorophores Cy3 and Cy5. All of the CNVs were validated by qPCR.
have been described in detail previously. 17 Briefly, indirect systolic BP in the tail artery was measured by tail plethysmography at 20 weeks of age in rats on a normal diet. To determine relative copy number in F 2 rats, we performed qPCR in triplicate and determined the normalized relative copy number as stated above.
Statistical Analyses
Statistical analysis of comparisons between SHR and WKY genes and copy numbers was undertaken using paired and unpaired t tests where appropriate; otherwise, the Mann-Whitney test was used. To determine whether there is any difference in systolic BPs between F 2 rats that carry different Egln1 or Ugt2b copy numbers, we used 1-way ANOVA and Kruskal-Wallis test with the Dunn multiple comparison test.
Results
High-Resolution Comparative Genomic Hybridization Analysis
The 3 comparative genomic hybridizations consistently revealed 16 CNVs on 8 SHR chromosomes (1, 3, 4, 6, 7, 10, 14 , and 17; Figure 1 and Table 1 ). Six of these regions were attributed to a relative loss of DNA event in the SHR, and 10 regions exhibited an increase in copy number in the SHR. The segments varied in size (range: 10 kb to 1.6 Mb; mean: 250 kb). Changes on the Y chromosomes were not analyzed because of lower probe density and greater mapping uncertainty for these regions in the current assembly.
Validation of CNVs
To validate CNVs at each locus, we developed a real-time PCR assay to quantitatively determine whether these regions show CNV. Figure 2 shows the real-time PCR results, which confirmed the CNVs in all of the regions. In those regions where there was a gain of DNA event in the SHR compared with the WKY, the increase in copy number was between 2 and 4 copies. We also determined which of our CNVs overlapped with CNVs detected by Guryev et al. 12 and found that 8 of our CNVs (1b, 3b, 4a, 6a, 7b, 7c, 10a, and 17a) were detected in both studies.
Genes Located Within CNV Regions and Their Expression
Eleven of the 16 identified CNVs contain annotated or putative genes ( Table 2) . We compared expression of these genes in the kidney, heart, and spleen between SHRs and WKYs. Some of the genes did not have detectable expression in these tissues. However, others showed significant differential expression between the 2 strains (Table 2) . Notably, Ms4a6a located in CNV1a (first CNV on chromosome 1) had markedly decreased expression in all 3 of the tissues in the SHR compared with the WKY, consistent with the loss of DNA in the SHR (Figure 3 ). CNV1b, which causes a gain of the Egln1 gene in the SHR, was associated with significantly increased mRNA levels of this gene in the kidney and heart of the SHR compared with the WKY (Figure 3 ). We did not detect any expression of Egln1 in the spleen. Within CNV3a (chromosome 3) lies the Ndrg3 (N-myc downstream regulated gene 3) involved in cell differentiation. The expression of the Ndrg3 was significantly decreased in the SHR kidney, heart, and spleen. CNV4a harbors the Cd36 predicted gene. We observed decreased expression of this gene in the SHR kidney and spleen, as described previously by other groups (data not shown). 18 CNV4b contains a putative gene similar to NEDD4-binding protein 1, which was expressed at very low levels in both the SHR and WKY but showed a trend toward increased expression in the SHR (data not shown). Also in the same region is the Sema3a gene, which shows increased expression in the SHR kidney and heart. CNV14a contains the Ugt2b gene, thought to be a glucosyl transferase. mRNA levels of this gene were significantly higher in the kidney of the SHR compared with the WKY. CNV17a contains 2 genes, Idi21 (isopentenyl diphosphate ␦-isomerase) involved in cholesterol synthesis and similar to nucleolar GTP-binding protein 1 involved in chronic renal failure. Expression of Idi21 was significantly upregulated in the SHR kidney ( Figure 3 ).
CNV Location Within Rat QTLs and Orthologous Regions in Humans
Of the 16 confirmed CNVs, several (1a, 1b, 3b, 4a, 4b, 7b, 7c, and 10a) are located within BP QTLs mapped in the SHR (Table 3) . Furthermore, 1b, 3b, and 4b CNVs map to QTLs in crosses derived from SHR and WKY strains. 19 -22 Both 1a and 1b CNVs on chromosome 1 map to the BP QTL in our previously constructed WKY.SHR-Sa (D1Wox19-D1Mit2) strain ( Figure 4 ). CNV1b is located 4,707,195 bp from the boundary of our minimal SISA congenic strain (Figure 4) . 19, 21 Other CNVs (3a, 7a, 10a, and 14a) map to QTLs for related traits, such as vascular growth, urinary albumin excretion, and cholesterol level in the SHR. CNVs 3a, 10b, and 17a also map to known BP QTLs in strains other than the SHR. When we searched the Copy Number Variation Discovery Project for orthologous regions of these stretches of DNA in humans, we found that CNVs on chromosome 1, 6, and 14 have orthologous regions in humans with putative structural variations, as described in the database of genomic variants (http://www.sanger.ac.uk/humgen/cnv/42mio/ and http://projects.tcag.ca/variation/; Table 3 ).
Egln1 CNV and BP
We studied the association between copy number in CNV1b (Egln1 gene) and BP, in a large F 2 cross from SHRs and WKYs ( Figure 5 ). There was a significant difference in systolic BP in the F 2 animals that carry different copy numbers of the Egln1 gene (ANOVA Pϭ0.0083). The mean systolic BP of animals with 1 copy of the Egln1 gene was 155.5Ϯ17.2 mm Hg, whereas animals that have Ͼ1 copy on only 1 chromosome had a mean systolic BP of 157.0Ϯ13.7 mm Hg and animals with 2 duplications had a mean systolic BP of 163.5Ϯ13.9 mm Hg.
Discussion
In this comparative genome hybridization analysis of the SHR and the WKY strains, we have identified new and validated existing CNVs in the rat. Of the 16 CNVs detected, 8 were revealed previously in the study by Guryev et al 12 that compared the SHR and the Brown Norway strain. The 7 additional CNVs detected by our experiments may have arisen in the SHR since the divergence from the WKY strain.
We also demonstrate that, in many instances, CNV is associated with changes in expression of the genes located in the CNV regions. Our results highlight protein-coding genes within the CNVs that may contribute to the pathogenesis of disease in the SHR. Kidney, liver, and spleen mRNA analysis of genes revealed changes in 8 genes that overlap with the detected CNVs. However, some of the genes did not show expression change, which paralleled the copy number status of the genomic segment. Such observations are in line with findings by Guryev K i d n e y H e a r t S p l e e n K i d n e y H e a r t S p l e e n K i d n e y H e a r t S p l e e n K i d n e y H e a r t S p l e e n K i d n e y H e a r t S p l e e n K i d n e y H e a r t S p l e e n K i d n e y H e a r t S p l e e n Figure 3 . Expression of genes in regions of gene duplications or deletions in the kidney, heart, and spleen. The graph depicts the meanϮSD for data from 3 replicates for both SHR and WKY. *PϽ0.05; **PϽ0.01.
et al, 12 and others that show that increased copy number can be positively, 23, 24 negatively, 25 or neutrally correlated with gene expression. Changes in expression may be caused by a loss of DNA that can delete a transcriptional repressor or duplication in DNA in a gene enhancer. Other possible regulatory elements that may be lost or duplicated are microRNAs or microRNA targets, which regulate gene expression. Lack of SHR-WKY differences in tissue expression of genes showing a distinct pattern of CNV may be explained by one of the following: (1) regulation of these genes is not affected by the rearrangement; (2) expression was measured in an inappropriate tissue; or (3) feedback mechanisms exist to correct for any changes in copy number. 25 Our data, therefore, support previous findings that some but not all CNVs influence the expression profile of genes in a way that may affect pathogenesis of disease.
Potential Relevance to BP QTLs in SHRs
Several CNVs (1a, 1b, 3b, 4a, 4b, 7b, 7c , and 10a) that we identified are located within BP QTL regions identified in crosses of the SHR with other rat strains. For example, the CNV on chromosome 4 includes a predicted Cd36 gene; Cd36 is a duplicated gene that has been identified previously as a cause of defect in insulin action, fatty acid metabolism, and hypertension in the SHR. 18, 26 The QTLs containing CNVs on chromosomes 1b, 3b, and 4b have been directly detected in crosses between the SHR and WKY. To examine the involvement of one of these CNVs in BP in the SHR, we took forward CNV1b, which contains the Egln1 gene. Egln1, also known as the hypoxiainduced factor (HIF)-prolyl hydroxylase gene, showed increased expression in the kidney of the SHR (Table 2) , and in previous studies, using renal transplantation, we have shown that the BP QTL located in this region on chromosome 1b at least partly mediates its effect via the kidney. 16 The protein product of Egln1 is a hydroxylase enzyme, which promotes degradation of the HIF subunits, 27 and a study by Li et al 28 demonstrated that blunting this protein was associated with an increase of BP. The observed increase in HIF-prolyl hydroxylase gene expression in the SHR could, therefore, lead to an augmented degradation of HIF 1␣, the key molecule that regulates adaptation to hypoxia, protects renal medulla from ischemia, and, thus, controls renal sodium excretion. Consistent with this, we observed a significant association of Egln1 copy number with BP in the expected direction in an F 2 cross derived from a cross of SHRs and WKYs, providing strong support for a possible causal involvement of this CNV with BP in the SHR.
CNVs in the rat can be successfully exploited to model CNVs apparent in the human genome, as shown for the CNV in the Fcgr3 gene. 29 The human orthologs of the Ms4a6a and HIFprolyl hydroxylase 2 gene contained within the rat CNVs identified in this study lie within regions with reported germ-line copy number polymorphisms in humans. Human orthologs of the olfactory receptor genes are also known to be duplicated in humans and other mammalian species. 30 Conservation of CNVs across species suggests that selective pressure may drive acquisition or retention of specific gene dosage alterations. In fact, the study by Guryev et al, 12 which surveyed Ͼ10 rat models, showed that human and rat CNV regions share more in common than the mouse, reinforcing the importance of the rat as a model organism for studying phenotypic effects of structural variations relevant to complex disease in humans.
A limitation of our study is that the number of CNVs detected is an underestimate of the real number of structural variants in SHRs, because many genomic regions were not effectively surveyed because of technical limitations (eg, probe density or nonrandom distribution) of the technology platform that was used. Newer arrays with higher densities and next-generation sequencing platforms using paired end-tag sequencing may resolve this limitation. 31 Another limitation of the study is that we could not accurately size the CNV regions detected, because probes are not equally distributed along the rat genome because of various factors, such as repeat elements. Probes may, therefore, fall far from the border of each CNV region. The borders may be determined by newer arrays with higher probe density or custom arrays. It is also possible that somatic mutations that arise in specific tissues may contribute to cardiovascular disease; however, this was not a focus for our study, which was designed to investigate germ-line transmitted CNVs. Finally, although we show that several CNVs map to QTL regions in the SHR and some have a significant effect on expression of coincident genes, additional studies are required to support their phenotypic relevance. Even where a direct association with BP (or another trait) is shown, as we have for the CNV containing Egln1, further investigation, including, ultimately, genetic manipulation of the copy number, is required to provide definitive proof of its causal involvement. 
Perspectives
Human genomic variation exists in many forms; CNVs are a form of variation in which large amounts of DNA are either deleted or duplicated. Such CNVs have not yet been systematically studied with regard to their relevance to hypertension. In the present study we examined the DNA of the SHR model for CNVs. We demonstrated that there are CNVs that exist in this model compared with its control strain, the WKY, which coincide with BP QTLs and may contribute to the pathogenesis of its hypertension. This provides a hypothesis for human genetic research on the involvement of CNVs in hypertension, which will require large-scale studies that are composed of well-phenotyped cohorts.
